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Photoneutron cross sections were measured for 203Tl and 205Tl at energies between the one-
and two-neutron thresholds using quasi-monochromatic γ-ray beams produced in laser Compton-
scattering at the NewSUBARU synchrotron radiation facility. Our new measurement results in cross
sections significantly different from the previously reported bremsstrahlung experiment, leading to
rather different GDR parameters, in particular to lower GDR peak energies and higher peak cross
sections. The photoneutron data are used to constrain the γ-ray strength function on the basis of the
Hartree-Fock-Bogolyubov plus quasi-particle random phase approximation using the Gogny D1M
interaction. Supplementing the experimentally constrained γ-ray strength function with the zero-
limit E1 and M1 contributions for the de-excitation mode, we estimate the Maxwellian-averaged
cross section for the s-process branching-point nucleus 204Tl in the context of the 205Pb – 205Tl
chronometry.
I. INTRODUCTION
In recent years, one witnesses a rapid growth of ex-
perimental and theoretical studies of the γ-ray strength
function (γSF) [1–3] across the chart of nuclei. The γSF
in the de-excitation mode, which is the nuclear statisti-
cal quantity equivalent to the transmission coefficient of
the γ-ray emission, is a key quantity to determine ra-
diative neutron capture cross sections that are of direct
relevance to the nucleosynthesis of elements heavier than
iron. It may be a highlight of the recent development
[4] to have reached a recognition that goes beyond the
Brink hypothesis [5, 6]; the γSF in de-excitation mode
differs from that in excitation mode in the zero-limit be-
havior of both E1 and M1 strengths, the latter of which
referred to as upbend was experimentally observed [7–9]
and theoretically supported by the shell-model calcula-
tion [10–15].
The present research interest in the γSF lies in the thal-
lium isotopes in relation to the s-process nucleosynthesis.
The s-process in the Tl-Pb region involves a possible as-
trophysical application called the 205Pb–205Tl chronom-
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etry as depicted in Fig. 1. This chronometer relies on
the production and survival of a short-lived 205Pb in cer-
tain s-process conditions like low-mass Asymptotic Giant
Branch stars [16] and massive Wolf-Rayet stars [17] and
possible isotopic anomalies in meteoritic Tl due to in-
situ decay of now extinct 205Pb [18–20]. The 205Pb is
produced by the s-process only via 204Tl, an s-process
branching-point nucleus with a half-life of 3.78 yr. While
the 205Pb decays to 205Tl via electron capture with a half-
life of 1.7 × 107 yr in laboratory conditions, the electron
capture is accelerated in s-process conditions by the ther-
mal populations of low-lying nuclear excited states [21].
Moreover, the 205Tl, when highly ionized, undergoes the
so-called bound-state β−-decay to 205Pb [21–24]. With
the nuclear physics and astrophysics behind, the 205Pb–
205Tl chronometer may determine the time span between
the last nucleosynthetic events that modified the compo-
sition of the solar nebula and the formation of the solar
system solid bodies [24].
The s-process production of 205Tl and 205Pb depends
on the 204Tl radiative neutron capture cross section
(Fig. 1). In the absence of possible direct measurements,
we present an experimentally constrained estimate of the
204Tl(n,γ) cross section obtained with the γ-ray strength
function method [25–30]. The γSF from the Hartree-
Fock-Bogolyubov plus quasi-particle random phase ap-
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FIG. 1. (Color online) An excerpt of the chart of nuclei de-
picting the Tl-Pb region in the s-process path.
proximation (QRPA) based on the Gogny D1M inter-
action [4, 44, 45] for both E1 and M1 components is
constrained to new experimental Tl photoneutron cross
sections. In Sect. II, our experimental procedure is de-
scribed and in Sect. III data are analysed. Our resulting
photoneutron cross sections are discussed in Sect. IV and
compared with D1M+QRPA calculations. Based on the
same nuclear ingredients, the calculated radiative neu-
tron capture of the stable 203Tl and 205Tl are compared
with experimental data, before applying the same pro-
cedure to the estimate of the 204Tl radiative neutron
capture cross section. Finally conclusions are drawn in
Sect. V.
II. EXPERIMENTAL PROCEDURE
The photo-neutron measurements on 203,205Tl took
place at the NewSUBARU synchrotronic radiation fa-
cility. Figure 2 shows a schematic illustration of the
gamma-ray beam line and experimental set up. Quasi-
monochromatic γ-ray beams were produced through laser
Compton scattering (LCS) of 1064 nm photons in head-
on collisions with relativistic electrons. Throughout the
experiment, the laser was periodically on for 80 ms and
off for 20 ms, in order to measure background neutrons
and γ-rays. The electrons were injected from a linear
accelerator into the NewSUBARU storage ring with an
initial energy of 974 MeV, then subsequently decelerated
to nominal energies in the region from 651 and 664 MeV
to 882 and 904 MeV, providing LCS γ-ray beams corre-
sponding to Sn up to S2n for
205Tl and 203Tl respectively.
In total, 15 individual γ beams were produced for both
203Tl and 205Tl. The electron beam energy has been
calibrated with the accuracy on the order of 10−5 [31].
The energy is reproduced in every injection of an electron
beam from a linear accelerator to the storage ring. The
reproducibility of the electron energy is assured in the
deceleration down to 0.5 GeV and acceleration up to 1.5
GeV by an automated control of the electron beam-optics
parameters.
The energy profiles of the produced γ-ray beams were
measured with a 3.5′′ × 4.0′′ LaBr3:Ce (LaBr3) detec-
tor. The measured LaBr3 spectra were reproduced by a
GEANT4 code [32, 33] that incorporated the kinematics
of the LCS process, including the beam emittance and
the interactions between the LCS beam and the LaBr3
detector. In this way we were able to simulate the in-
coming energy profile of the γ beams with the maximum
energies accurately determined by the calibrated electron
beam energy.
The 203,205Tl targets were in metallic form with an
areal density of 2.693 g/cm2 and 3.978 g/cm2, respec-
tively. The corresponding enrichment of the two isotopes
were 97.2% and 99.9%. The target material was pressed,
thanks to this metal being malleable, into uniform disks
and placed inside open cylinders of aluminum. For neu-
tron detection, the high-efficiency 4pi detector was used,
consisting of 20 3He proportional counters, arranged in
three concentric rings and embedded in a 36 × 36 × 50
cm3 polyethylene neutron moderator [34]. The ring ra-
tio technique, originally developed by Berman [35], was
used to determine the average energy of the neutrons
from the (γ,n) reactions. The efficiency of the neutron
detector varies with the average neutron energy. The
efficiency was measured with a calibrated 252Cf source
and the energy dependence was determined by Monte
Carlo simulations. The efficiency of the neutron detec-
tor was simulated using isotropically distributed, mono-
energetic neutrons. The simulation performed for s-
and p-wave neutrons shows a strong smearing effect on
highly-anisotropic p-wave neutrons due to the thermal-
ization of neutrons in the polyethylene moderator, re-
sulting in a nearly identical efficiency for s- and p-wave
neutrons [36].
The LCS γ-ray flux was monitored by a 8′′×12′′ NaI:Tl
(NaI) detector during neutron measurement runs with
100% detection efficiency for the beam energies used in
this experiment. The number of incoming γ rays per
measurement was estimated using the pile-up/Poisson-
fitting technique described in Ref. [37, 38].
The measured photo-neutron cross section for an in-
coming beam with maximum γ-energy Emax is given by
the convoluted cross section,
σEmaxexp =
∫ Emax
Sn
DEmax(Eγ)σ(Eγ)dEγ =
Nn
NtNγξng
.
(1)
Here, DEmax is the normalized,
∫ Emax
Sn
DEmaxdEγ = 1,
energy distribution of the γ-ray beam obtained from
GEANT4 simulations. The simulated profiles of the γ
beams, DEmax , used to investigate 205Tl are shown in
Fig. 3. Furthermore, σ(Eγ) is the true photo-neutron
cross section as a function of energy. The quantity Nn
represents the number of neutrons detected, Nt gives the
number of target nuclei per unit area, Nγ is the number
of γ rays incident on target, n represents the neutron
detection efficiency, and finally ξ = (1− eµt)/(µt) gives a
correction factor for self-attenuation in the target. The
factor g represents the fraction of the γ flux above Sn.
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FIG. 2. (Color online) A schematic illustration of the experimental set up at NewSUBARU used in the (γ, n) cross-section
measurements.
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FIG. 3. (Color online) The simulated energy profiles for the
γ-beams used in the 203,205Tl measurements.
We have determined the convoluted cross sections
σEmaxexp given by Eq. (1) for γ beams with maximum ener-
gies in the range Sn ≤ Emax ≤ 13 MeV. The convoluted
cross sections σEmaxexp are not connected to a specific Eγ ,
and we choose to plot them as a function of Eγmax. The
convoluted cross sections of the two Tl-isotopes, which
are often called monochromatic cross sections, are shown
in Fig. 4. The error bars in Fig. 4 represent the total
uncertainty in the quantities comprising Eq. (1) and con-
sists of ∼ 3.2% from the efficiency of the neutron detec-
tor, ∼ 3% from the pile-up method that gives the number
of γ-rays, and the statistical uncertainty in the number of
detected neutrons. The statistical error ranges between
∼ 14 % close to neutron threshold and 0.5 % for higher
γ energies. Except for the first few data points close to
separation energy, the total error is dominated by the
uncertainty stemming from the pile-up method and from
the simulated efficiency of the neutron detector. For the
total uncertainty, we have added these uncorrelated er-
rors quadratically.
III. DATA ANALYSIS
The challenge now is to extract the deconvoluted, Eγ
dependent, photo-neutron cross section, σ(Eγ), from the
integral of Eq. (1). Each of the measurements character-
ized by the beam energy, Emax, correspond to folding of
σ(Eγ) with the measured beam profile, D
Emax . By ap-
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FIG. 4. (Color online) Monochromatic cross sections of 203Tl
(green open circles) and 205Tl (blue filled squares). The er-
ror bars contain statistical uncertainties from the number of
detected neutrons, the uncertainty in the efficiency of the neu-
tron detector and the uncertainly in the pile-up method used
to determine the number of incoming γ’s on target.
proximating the integral in Eq. (1) with a sum for each
γ-beam profile, we are able to express the problem as a
set of linear equations
σf = Dσ, (2)
where σf is the cross section folded with the beam pro-
file D. The indexes i and j of the matrix element Di,j
corresponds to Emax and Eγ , respectively. The set of
equations is given by

σ1
σ2
...
σN

f
=

D11 D12 · · · · · · D1M
D21 D22 · · · · · · D2M
...
...
...
...
...
DN1 DN2 · · · · · · DNM


σ1
σ2
...
...
σM
 . (3)
4Each row of D corresponds to a GEANT4 simulated γ
beam profile belonging to a specific measurement charac-
terized by Emax. See Fig. 3 for a visual representation of
the response matrix D. It is clear that D is highly asym-
metrical. As mentioned, we have used N = 15 beam
energies when investigating 205Tl, but the beam profiles
above Sn is simulated for M = 250 γ energies. As the
system of linear equations in Eq. (3) is under-determined,
the true σ vector cannot be extracted by matrix inver-
sion. In order to find σ, we utilize a folding iteration
method. The main features of this method are as fol-
lows:
1) As a starting point, we choose for the 0th iteration,
a constant trial function σ0. This initial vector is
multiplied withD, and we get the 0th folded vector
σ0f = Dσ
0.
2) The next trial input function, σ1, can be estab-
lished by adding the difference of the experimen-
tally measured spectrum, σexp, and the folded spec-
trum, σ0f , to σ
0. In order to be able to add the
folded and the input vector together, we first per-
form a spline interpolation on the folded vector,
then interpolate so that the two vectors have equal
dimensions. Our new input vector is:
σ1 = σ0 + (σexp − σ0f ). (4)
3) The steps 1) and 2) are iterated i times giving
σif = Dσ
i (5)
σi+1 = σi + (σexp − σif ) (6)
until convergence is achieved. This means that
σi+1f ≈ σexp within the statistical errors. In order
to quantitatively check convergence, we calculate
the reduced χ2 of σi+1f and σexp after each iter-
ation. Approximately four iterations are usually
enough for convergence, which is defined when the
reduced χ2 value approaches ≈ 1.
We stopped iterating when the χ2 started to be lower
than unity. In principle, the iteration could continue
until the reduced χ2 approaches zero, but that results
in large unrealistic fluctuations in σi due to over-fitting
to the measured points σexp. To prevent the unfolding
from introducing fluctuations that do not reflect nuclear
properties, we apply a smoothing factor of 200-300 keV,
which corresponds to the average of the full-width half
maximum (FWHM) of the γ beams.
We estimate the total uncertainty in the unfolded cross
sections by calculating an upper limit of the monochro-
matic cross sections from Fig.4 by adding and subtracting
the errors to the measured cross section values. This up-
per and lower limit is then unfolded separately, resulting
in the unfolded cross sections shown in Figs. 5 and 6.
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FIG. 5. (Color online) Cross sections of 203Tl. The green
open circles are the monochromatic cross sections from Fig.4.
The green, shaded area display the unfolded cross section.
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FIG. 6. (Color online) Cross sections of 205Tl. The blue filled
squares are the monochromatic cross sections from Fig.4. The
blue, shaded area display the unfolded cross section.
In Fig. 7, the two unfolded cross sections are evaluated
at the maximum energies of the incoming γ beams. The
error bars represent the difference between the upper and
lower limit of the unfolded cross sections.
IV. DISCUSSION
The present experimental results are now analyzed in
light of the recent systematics of the γSF obtained within
the mean field plus QRPA calculations based on the
finite-range Gogny D1M interaction [4, 44, 45]. When
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FIG. 7. (Color online) The recommended unfolded cross sec-
tions of 203,205Tl. Here, the error bars represent the difference
between the upper and lower limits shown in Figs. 5 and 6.
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FIG. 9. (Color online) (a) 203Tl(n,γ)204Tl measured cross
section compared with the D1M+QRPA+0lim calculations
(blue shaded lines). The hashed area is obtained making use
of different nuclear densities. (b) same for 205Tl(n,γ)206Tl.
Previous experimental data are taken from Refs. [40–43].
compared with experimental data and considered for
practical applications, the mean field plus QRPA calcu-
lations need some phenomenological corrections. These
include a broadening of the QRPA strength to take the
neglected damping of collective motions into account as
well as a shift of the strength to lower energies due to the
contribution beyond the 1 particle - 1 hole excitations and
the interaction between the single-particle and low-lying
collective phonon degrees of freedom. Such phenomeno-
logical corrections have been applied to the present Tl
isotopes, as described in Ref. [4]. In addition, in order to
reproduce the present photoneutron cross section in the
low-energy tail of the giant dipole resonance (GDR), we
find that a global energy shift of 0.7 MeV of the over-
all E1 strength and a reduction factor of 2 on the M1
strength are required. Such renormalizations are within
the uncertainties affecting the γSF predictions [4] and are
applied to all the Tl γSF studied in the present work.
The resulting D1M+QRPA photoneutron cross section
calculated with the TALYS reaction code [46] is shown in
6204Tl(n,γ)205Tl
102
103 Bao et al. (2000)
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<σ
> (
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T [109K]
FIG. 10. (Color online) 204Tl(n,γ)205Tl Maxwellian-averaged
cross section calculated with the D1M+QRPA+0lim strength
function (red lines) as a function of the temperature T . The
hashed area is obtained making use of different nuclear den-
sities. Also included is the recommended cross section of Bao
et al. (2000) [52].
Fig. 8 for both 203Tl(γ,n)202Tl and 205Tl(γ,n)204Tl. Al-
though the fit is not perfect, D1M+QRPA calculation is
seen to reproduce fairly well the dipole strength measured
in the present study in the 8–13 MeV region. In con-
trast, major differences with the previous measurements
[39] can be observed, especially in the 11–13 MeV range,
where significantly lower cross sections were extracted
from this bremsstrahlung experiment. These former data
were used to estimate the GDR peak cross section σr,
peak energy Er, and width at half maximum Γr in pho-
toabsorption studies [47]. For 203Tl, σr = 437 ± 94 mb,
Er = 14.06 ± 0.08 MeV and Γr = 3.95 ± 0.21 MeV
were deduced, and for 205Tl, σr = 479 ± 16 mb, Er =
14.47 ± 0.05 MeV and Γr = 2.93 ± 0.16 MeV. Based on
our new measurements (Fig. 8), we find GDR parame-
ters corresponding to σr = 655 mb, Er ' 13.5 MeV,
Γr ' 3.2 MeV for 203Tl and σr = 660 mb, Er ' 13.5 MeV
and Γr ' 3.5 MeV for 205Tl. Our lower value of the GDR
peak energies lead to a γSF at low energies significantly
larger in comparison with what was extracted from the
Antropov et al. data.
Another way of testing our photoneutron data is to
consider the reverse radiative neutron capture cross sec-
tions. Those are also available for 203Tl and 205Tl, but
depend on the de-excitation strength function of the
compound nuclei 204Tl and 206Tl for which no exper-
imental data exists. Nevertheless, we have considered
the D1M+QRPA E1 and M1 strengths renormlaized in
the same way as described above and applied to the
calculation of the (n,γ) cross section. We compare in
Fig. 9 the 203Tl(n,γ)204Tl and 205Tl(n,γ)206Tl measured
cross sections with the TALYS Hauser-Feshbach calcu-
lation based on the D1M+QRPA+0lim strength func-
tions and different nuclear level density prescriptions. All
nuclear level densities [48–50] are normalized to the ex-
isting s-wave spacing data at the neutron binding en-
ergy [51]. Also note that the D1M+QRPA photoab-
sorption strength needs to be complemented by the zero-
limit correction when considering the de-excitation of the
compound nucleus formed by the neutron capture. In-
spired from shell model studies, this low-energy limit has
been approximated in Ref. [4] and when complementing
the QRPA calculation, the final γSF is referred to as
D1M+QRPA+0lim. As shown in Fig. 9, the calculated
cross sections are in rather good agreement with experi-
mental data in the keV region.
Such a comparison also increases our confidence on
the relevance of our new measurements and the corre-
sponding theoretical D1M+QRPA+0lim γSF adjustment
and allows us to estimate the radiative neutron capture
cross section of the s-process branching point 204Tl. We
show in Fig. 10 the Maxwellian-averaged cross section
predicted with the D1M+QRPA+0lim strength function
(red lines) as a function of the temperature T . The
hashed area reflects the sensitivity of the predictions with
respect to different nuclear density models [48–50]. We
also compare in Fig. 10 our predictions with the one rec-
ommended by the compilation of Bao et al. [52] widely
used for nucleosynthesis applications. Both calculations
are seen to be compatible. Based on our experimentally
constrained cross section, we can therefore confirm previ-
ous nucleosynthesis predictions using the 204Tl(n,γ)205Tl
rate of Bao et al. [52], hence the possible impact of
the 204Tl branching point on the s-process production
of 205Tl and 205Pb.
V. CONCLUSION
We presented a new experimental determination of
the (γ, n) cross section for 203Tl and 205Tl performed
at the NewSUBARU synchrotron radiation facility. Our
new measurements cover the low-energy tail of the GDR
above the neutron threshold and give significantly dif-
ferent cross sections in comparison with the previous
bremsstrahlung experiment of Ref. [39]. The GDR pa-
rameters have been re-estimated leading to significantly
lower GDR peak energies and larger peak cross sec-
tions. The new cross sections have been used to constrain
the E1 and M1 strength functions obtained within the
D1M+QRPA approach. We have further confirmed the
relevance of the experimentally constrained D1M+QRPA
dipole γ-ray strength function by analyzing the radiative
neutron capture cross sections for Tl isotopes consider-
ing in addition the zero-limit systematics for both the
de-excitation E1 and M1 strengths. Finally, the present
analysis was used to estimate the Maxwellian-averaged
204Tl(n,γ)205Tl cross section, which is of direct relevance
to the 205Pb – 205Tl chronometry, which can now be con-
sidered to be rather reliably determined.
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